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Abstract Experimental researches were performed in

order to determine the combustion temperatures and the

visible and infrared screening performances of two pyro-

technic compositions used in decoy flare systems. Morpho-

structural and morphochemical analyses of the combustion

solid products have been correlated with the combustion

temperature. For the experimental studies, visible and infra-

red thermography have been employed, together with dedi-

cated software. The comparative measurements indicated

that the thermovision camera enables the acquisition of more

accurate results versus the optical pyrometer in terms of data

processing, and that the aluminum/polyhalogenated com-

pounds–compositions present visible and infrared screening

performances superior to those based on magnesium/poly-

halogenated compounds.
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Introduction

The temperature is one of the parameters of state frequently

measured in industry, research, and current life, while

thermal imaging is one of the technologies of essential

importance for the military and security sector. Previous

theoretical and experimental studies have demonstrated that

the main principle for conceiving pyrotechnics is the

obtainment of an optimum pyrotechnical effect: light, smoke,

sound, etc. More, there is a direct relationship between the

chemical composition and the combustion temperature of a

pyrotechnic composition and its destination [1–4]. Some

figures from literature are given in Table 1 [4, 5].

Therefore, a compelling determination of the combus-

tion temperature of pyrotechnic compositions is manda-

tory, taking into account that its high gradient influences

the compositions performances, and the obtainment of

pyrotechnical effects, such as light emission in different

wavelength ranges, visible and infrared concealing and

screening, metal melting, aerosols generation, etc. In other

situations, a lower combustion temperature is appropriate,

either to protect the organic compounds incorporated in the

pyrotechnic composition (dyes for colored smoke compo-

sitions, tear agents for irritating and lachrymator aerosol

formulations, etc.), or to obtain low-temperature gaseous

combustion products (gas-generators, airbags, and flame-

retardant compositions), meanwhile considering the envi-

ronment and the operational staff [3–18]. Thus, it offers a

great utility to the operators, giving a new evaluation cri-

terion on the existent pyrotechnical compositions and a real

help in conceiving new formulations, specific to the

pyrotechnical effects desired.

In order to evaluate whether the mixture corresponds to

the target aimed, it is necessary to find the real values of the

combustion temperature. Depending on the flame temper-

ature, pyrotechnics have either high combustion tempera-

ture, Tc [ 2,200 �C, or low combustion temperature,

Tc \ 2,200 �C. Organic fuel-based compositions belong to

the second category, while metallic compositions belong to
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the first one, giving combustion temperatures of up to

4,000 �C [4].

Another important requirement regarding pyrotechnics’

composition is to decrease their sensitivity and to increase

their stability, but the utilization of different additives involves

the modification of chemical and physical properties of the

pyrotechnical system, meanwhile changing their ignition

characteristics. Regarding the combustion temperature, it is

obviously one of the main characteristics when considering

flares and decoy compositions; its determination may be

performed either through calculus or through measurement.

In case of pyrotechnics, actually it is almost impossible to

predict through calculus the flares combustion temperature,

due to the fact that specific data on the calorific capacities at

high temperatures (especially over 1,500 �C) of the sub-

stances resulting from the reaction are not available. Melting

and vaporizing latent heats are also unknown for a large

number of reagents employed, or the precision given is rather

poor. Moreover, the temperatures determined are nothing

more than the upper thresholds (practically untouchable) due

to thermal energy losses through convection, conduction, and

radiation within the environment and, also, due to thermal

losses during the reaction products dissociation processes.

However, the combustion temperature is not measured

directly, but through the intermediary of thermocouples,

optical pyrometers, or thermal cameras [1, 2, 4, 12, 19].

This temperature measurement is the subject of a lower

number of theoretical and experimental studies as expec-

ted, due to the high cost of the equipment and the testing

conditions required. Thus, the present study aimed at the

experimental determination of two pyrotechnical flares

performances, mainly the combustion temperatures and the

evaluation of their screening capacity.

Materials and methods

Materials

Magnesium- and aluminum-based compositions are mainly

used in infrared screening due to the large quantity of

energy emitted in comparison to other pyrotechnical mix-

tures, their low hygroscopicity and low dependence of

burning rate on pressure and temperature, and safety during

the fabrication process [5, 8–21]. The addition of a poly-

meric binder allows the composition to be processed easily,

and provides good mechanical properties while maintain-

ing the homogeneity of the mixture [22] and a good pro-

tection against the environmental agents conducting to

magnesium and aluminum oxidation. The compositions

considered (Table 2) present a good thermal stability and

compatibility with the vast majority of the materials used

in pyrotechnics [23].

Determination of the combustion temperature

The equipment and the methods used for the combustion

temperatures determination were based on the optical radi-

ation transmittance variation principles through gaseous

environments containing the aerosol suspension, depending

on the wavelength, the environment, and the aerosol char-

acteristics. The data have been analyzed based on the ther-

mographs obtained from: a ThermaCAM S45 thermovision

camera (Inframetrics), ±2 % precision, 0.1 �C resolution, in

the range -40… ?1,700 �C and the spectral range 8–12 lm

(IR), with ThermaCAM Researcher Pro 2.8 SR-2 software

for thermal analysis in real time; an optical pyrometer Ircon

Ultimax UX-60P (Ircon Inc.) in the range 600–2,000 �C and

the spectral range 8–12 lm, ±1 % precision, 1 �C resolu-

tion, with dedicated software for data analysis; ImageJ

software for visible image analysis [24, 25].

The recording in the visible range has been performed

with a Sony Camcorder HDR-CX210E, 259 optical zoom

and 3072 9 1728 maximum image resolution. The com-

bustion temperature has been measured using both the

thermovision camera and the optical pyrometer, placed at

2.5 m away from the combustion site. The equipment has

been calibrated previous to use by the method described

[1, 26, 27]. For all the data recorded, the emissivity has

been set to 0.7 [28].

Table 2 Composition of the pyrotechnical flares tested

No. Composition Reagents Ratio in the

mixture/%

1 Magnesium-based

pyrotechnical flare

(PF–Mg)

Magnesium 30

Polytetrafluoroethylene 60

Iditol 10

2 Aluminum-based

pyrotechnical flare

(PF–Al)

Aluminum 30

Polytetrafluoroethylene 60

Iditol 10

Table 1 Flame temperatures versus pyrotechnics destination [4, 5]

Pyrotechnics destination Temperature/�C

Photography, illumination 2,500–3,500

Illumination, tracers 2,000–3,000

Incendiary (with oxidant) 2,000–3,500

Night signaling 1,200–2,000

Propergols 2,000–2,900

Smoke compositions 400–1,200
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Determination of the maximum temperatures

The pyrometer software gave directly, during combustion, the

maximum temperature recorded. ThermaCAM Researcher

Pro 2.8 SR-2 software used for the analysis of the thermo-

graphs recorded by the thermal camera gave the color thermal

mapping of the investigated compositions, maintaining the

same temperature scale whatever the temperature range

involved, and the temperature profiles for the selected areas.

The data processing has conducted to the obtainment of the

temperature profile, together with the aerosol cloud temper-

ature distribution and the maximum temperatures.

ImageJ software has been used for the computation of

the data recorded in visible range. The software has the

option of transforming a color image in a gray-level image;

every pixel of this image is attributed spatial coordinates

and a gray level that varies between 0 and 255 (pixel

intensities: black = 0 and white = 255), corresponding to

the input signal. After the video-recording of the aerosol

cloud, relevant images of their evolution during time have

been frozen. The input data consisted in the selected area

from the image chosen for investigation, and the output

data have been the histograms describing the counts dis-

tribution versus the gray level, from 0 to 255. Before

selecting the area of interest, the image has been scaled,

establishing a relationship between the pixel number and a

known dimension from the plan. Average pixel intensity

(Ia) has been determined from the histogram. Further, the

interest area has been selected from the aerosol print film

sequence and it appeared as the highest value of Ia.

The temperature has been calculated knowing that the

radiant exitance is the radiant power emitted per the pro-

jected area of a source, or:

L ¼ E � 4p � d2 ð1Þ

and considering the Stefan–Boltzmann law, which states

that

L ¼ A � r � T4; ð2Þ

where L is the combustion power (W), E is the radiant

exitance (W m-2), d is the distance between the receptor

(the camera) and the combustion site (m), A is the radiated

area (m2), r is 5.6705 9 10-8 (W m-2 K-4), the Stefan–

Boltzmann radiation constant, and T is the combustion

temperature (K).

Further, the calibration equation obtained was: E8–12 =

-73.91 ? 0.55 Ia.

Determination of the screening performance

The screening performance is represented here by the

capability of the pyrotechnic composition to obscure cer-

tain targets for a definite period of time. The screening

efficiency has been calculated as the ratio between the

effective screening period of time and the total combustion

time:

gs ¼
ts

tc
; ð3Þ

where gs is the screening efficiency (%), ts is time of

effective screening (s), tc is time of combustion (s).

The effective screening period of time represents the

time that the target is not observed by the receptor, in the

present case—the thermal camera. The total combustion

time is the total time of pyrotechnics functioning from

ignition until complete consumption; it is determined

through direct measurement.

Elemental and morphostructural analysis of the aerosols

Morphostructural investigations of the aerosols resulting

from the pyrotechnics combustion have been performed

using scanning electron microscopy (SEM) on a VEGA II

LMU equipment, at a 3.5-nm resolution and 30 keV,

coupled with a Bruker AXS X-ray spectrometer for

Energy-Dispersive X-ray analysis (EDX). Combustion

products from confined samples have been collected on

double-sided adhesive carbon disks and analyzed attached

to aluminum stubs.

Results and discussion

Temperature is the most important thermodynamic prop-

erty, which determines the state of matter. It is also one of

the physical properties that cannot be measured directly, but

through another physical parameter. Temperature can be

measured using a spot or a contactless measurement method

of temperature distributions on the surface of the tested

objects, or thermovision. The contactless temperature
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the maximum emission moment
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measurement is carried out using pyrometers or thermovi-

sion equipment.

Nowadays, there are thermal imaging sensors with

suitable performance parameters. There are two different

spectral wavelength ranges that provide thermal sensitivity:

the medium-wave infrared band (MWIR), which covers the

electromagnetic spectrum from 3 to 5 lm, and the long-

wave infrared band (LWIR), which covers the wavelength

spectrum from 8 to 12 lm. The two spectral bands differ

substantially with respect to background flux, scene

characteristics, temperature contrast, and atmospheric

transmission under various weather conditions. The latter

technology is preferred both in terms of performances in

fog, dust, and smoke conditions; higher immunity to

atmospheric turbulence; and reduced sensitivity to solar

glints and decoy flares (bright phenomena) recording, and

equipment cost [1, 2, 26, 27, 29].

Thus, the results of temperature measurements obtained

by means of an optical pyrometer have been compared with

the results of a thermovision camera in the LWIR. The
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images captured during the combustion have been pro-

cessed further using ImageJ (Fig. 1) and ThermaCAM

software (Figs. 2, 3, 4).

Analysis in the visible range

In the visible range, the temperatures have been computed

from the images using the Eqs. 1 and 2 above. ImageJ

software has been used to analyze the images corre-

sponding to the maximum emission moment of the PF–Mg

(Fig. 1a) and PF–Al (Fig. 1b) composition. The results

obtained for PF–Mg imply a temperature T = 1,960 �C.

Such a temperature has been expected in case of PF–Mg,

which has also presented combustion temperatures at the

maximum thresholds of the pyrometer and of the thermal

camera.

The image corresponding to the moment of maximum

emission during PF–Al combustion involves a calculated

temperature T = 1,697.6 �C.

The average maximum combustion temperatures, obtained

using the pyrometer, are very similar for the two flares con-

sidered: for PF–Mg is 1,948 �C and for PF–Al is 1,920 �C

(Fig. 2).

Infrared thermography

ThermaCAM Researcher Pro 2.8 SR-2 software has been

used to perform both temperature recordings and profile

analyses in the combustion area.

For PF–Mg (Fig. 3), the thermographs evaluation con-

ducted to the determination of the maximum temperature,

which was higher than 1,700 �C (but not traceable with

exactitude, due to the thermal camera construction limita-

tions), in agreement with the results obtained using the

pyrometer (1,948 �C) and the bibliographic references for

magnesium/polyhalogenated compounds-based pyrotech-

nical compositions [2, 3, 9, 11–13, 30].

Regarding PF–Al (Fig. 4), from the analyses performed

using the camera software, themaximum temperature obtained

has reached values[1,700 �C, in agreement with the results

estimated and the bibliographical references for aluminum-

based pyrotechnics [2, 4, 10–12, 20]. Comparatively, the

pyrometer determined a maximum temperature of 1,920 �C.

Also, the software provided the aerosol cloud tempera-

ture, ranging between 1,000 and [1,700 �C for both the

compositions considered during the study (Fig. 4). The

histogram obtained from the data processing of Fig. 3

(Fig. 5a) shows that PF–Mg has a distribution of
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temperatures ranging from 1,000 to [1,700 �C, mainly in

the range 1,280–1,420 �C (30.2 % of the total amount),

and 17.2 % in the moment of maximum emission

([1,700 �C). PF–Al temperature has an overall value

higher than PF–Mg (Fig. 5b), being distributed in the range

1,140… [1,700 �C, and the main temperature ranging

between 1,420 and 1,560 �C, with 42.4 % and 31.8 % in

the moment of maximum emission ([1,700 �C).

Screening performance

Screening performance has been determined in order to

establish the pyrotechnics performances both in visible and

infrared, using a human target. Ten samples from each

composition have been tested and the data obtained using

Eq. (3) conducted to the following results: the screening

efficiency in visible has been calculated to be only 16 % in

case of PF–Mg and 71.43 % in case of PF–Al, while in

infrared it overpassed 90 % in both cases: 96 % for PF–Mg

and 92.86 % for PF–Al.

Morphostructural and morphochemical analysis

In order to reveal the aerosols compactness and surface

structure, detailed SEM and EDX investigations have been

performed (Figs. 6, 7, 8, 9).

The main approach has been to acquire useful infor-

mation for the understanding of aerosol morphologic dis-

tribution; the SEM has a good focus depth owing to

differential emission of secondary electrons coming from

the material phases. Besides, the EDX investigations

allowed the identification of aerosol composition, through

chemical mapping.

The particles dimensions were determined through SEM

investigations (Fig. 7) and their estimated average values

were correlated with the peaks found in the case of mi-

crosurface distribution. As Fig. 8 depicts, the microparti-

cles present a wide distribution of their dimensions, mainly

in the case of microsurfaces and roundness. For the
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investigation of particles size distribution, as well as

the range of size distribution, the method reported by

Iordache et al. [31] was employed. Each SEM micropho-

tograph was elementary segmented in order to acquire the

numerical values belonging to the microsurfaces of SEM-

recognized microparticles, as well as to evaluate their

corresponding roundness. Subsequently, these values were

plotted and their graphs are given in Fig. 8.

EDX results proved that MgO, elemental C, and MgF2

are the main solid products resulting from the combustion of

PF–Mg (Fig. 6). Magnesium fluoride (m.p. = 1,263 �C) is

transparent over an extremely wide range of wavelengths,

but its use in infrared screening is much appreciated. On the

other hand, magnesium oxide (m.p. = 2,852 �C) is usually

used as a colorimetric white reference, due to its good dif-

fusion and reflection properties, and thus an excellent white

emitter. More, its bright flame is persistent and it emits an

important UV light.

It was observed that the PF–Mg (1 m) particle surface is

more homogenous than the PF–Mg, presenting only one

distribution maximum. This should be a consequence of the

Fig. 7 SEM microphotographs for PF–Mg and PF–Al aerosol

samples taken from the combustion site and from 1 m away
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existence of melted MgF2 at the combustion site, and its

diminishment while the flame is eloigned. More, the

numerical data recorded suggest that PF–Mg aerosols add

up in larger agglomerations, with an irregulate morphology

of PF–Mg versus PF–Mg (1 m) (Table 3). It is very likely

that PF–Mg (1 m) aerosols form agglomeration ranges as a

consequence of elemental particles agglomeration.

PF–Al and PF–Al (1 m) aerosols present completely dif-

ferent morphostructures and dimensions; the experimental

evidence from Figs. 8 and 9 demonstrates that these aerosols

present mainly the same microsurface value. More, one may

observe that PF–Al (1 m) versus PF–Al aerosols present a

more emphasized tendency to form agglomeration ranges,

with approximative values of 4.5, 6.9, 8.1, and 10.5 lm2.

This evidence is confirmed by the numerical data recorded in

case of PF–Al and PF–Al (1 m) samples compactness, which

shows that the [(P^2)/4DS] ratio (where: P—perimeter, D—

particle diameter, and S—particle surface) is distributed in

the range [1–3.72] in case of PF–Al, and is found at 4.42, in

case of PF–Al (1 m).

EDX results proved that Al2O3 (amorphous oxide,

m.p. = 2,072 �C), elemental C, and AlF3 are the main

solid products resulting from the combustion of PF–Al

(Fig. 5b). Aluminum fluoride melts at 1,291 �C with sub-

limation, which conducts to the conclusion that more

important quantities of aerosols are found away from the

combustion site, the agglomeration sites being due to the

mixture of the fluoride and the oxide. While the magne-

sium-based pyrotechnic composition considered tends not

to spread far from the combustion site, the aluminum one

offers a wider screening.

Table 3 Area and compactness values and distribution ranges of

aerosol samples

Sample [Area/lm2]

[compactness/a.u.]

[Area/lm2][compactness/

a.u.]agglomeration ranges

PF–Mg [3.75, 8.75, 12.75,

15.25, 20.25][1.09]

[25.75, 29.25, 34.25][–]

PF–Al [1.3][1.09] [–][–]

PF–Mg (1 m) [3.75][1.09, 1.35, 1.71] [–][–]

PF–Al (1 m) [1.3, 4.5, 6.9, 8.1,

10.5][1.09, 1.39, 1.81]

[4.5, 6.9, 8.1, 10.5]

[1.39, 1.81]
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Conclusions

The combustion temperatures of the magnesium- and alu-

minum-based compositions are similar, reaching values

close to 2,000 �C. However, the aluminum-containing

composition proves better performances when considering

both visible and infrared screening.

The experimental data processing using ImageJ software

and the comparison of these data with the results obtained

through direct measurement or processed with dedicated soft-

ware concluded that the use of ImageJ software for the visible

range gives a valuable output in processing images, regarding

the screening efficiency and the corresponding parameters. The

measurement of pyrotechnics combustion temperatures using

optical pyrometers is quite easy and at the hand for tempera-

tures up to 2,000 �C. The values obtained using the optical

pyrometer and the thermal camera are different, due to the

constructive limitations of the devices. The most accurate

results in LWIR are obtained using the thermovision camera

and processed with the dedicated software. Even though the

thermal camera has an upper detection threshold lower than the

pyrometer, its dedicated software allows the precise tempera-

ture determination, through mapping.
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N, Pretorian A, Dionezie B, Mutihac L, Ordeanu V. The deter-

mination of the nanostructurated materials’ morphology, by

applying the statistics of the structural element maps. J Opto-

electron Adv Mater. 2011;13:550–9.

Temperature measurements of Mg and Al 1415

123

http://www.researchgate.net

	Temperature measurements of magnesium- and aluminum-based flares
	Abstract
	Introduction
	Materials and methods
	Materials
	Determination of the combustion temperature
	Determination of the maximum temperatures
	Determination of the screening performance
	Elemental and morphostructural analysis of the aerosols

	Results and discussion
	Analysis in the visible range
	Infrared thermography
	Screening performance
	Morphostructural and morphochemical analysis

	Conclusions
	Acknowledgements
	References


